Cave acoustics in prehistory : exploring the association of Palaeolithic visual motifs and acoustic response. by Fazenda,  Bruno et al.
Durham Research Online
Deposited in DRO:
04 August 2017
Version of attached ﬁle:
Accepted Version
Peer-review status of attached ﬁle:
Peer-reviewed
Citation for published item:
Fazenda, Bruno and Scarre, Chris and Till, Rupert and Jimenez Pasalodos, Raquel and Rojo Guerra, Manuel
and Tejedor, Cristina and Ontanon Peredo, Roberto and Watson, Aaron and Wyatt, Simon and Garca
Benito, Carlos and Drinkall, Helen and Foulds, Frederick (2017) 'Cave acoustics in prehistory : exploring the
association of Palaeolithic visual motifs and acoustic response.', Journal of the Acoustical Society of America.,
142 (3). pp. 1332-1349.
Further information on publisher's website:
https://doi.org/10.1121/1.4998721
Publisher's copyright statement:
c© 2017 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
Additional information:
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in DRO
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full DRO policy for further details.
Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971
http://dro.dur.ac.uk
1 
 
 
Cave acoustics in prehistory: exploring the association of Palaeolithic 1 
visual motifs and acoustic response 2 
 3 
Bruno Fazendaa) 4 
Acoustics Research Centre, School of Computing, Science and Engineering, University of 5 
Salford, The Crescent, Salford, M5 4WT, UK  6 
Chris Scarre 7 
Department of Archaeology, Durham University, South Road, Durham DH1 3LE, UK 8 
Rupert Till  9 
Department of Music and Drama, University of Huddersfield, Queensgate, Huddersfield, 10 
HD1 3DH, UK 11 
Raquel Jiménez Pasalodos,  12 
Sección Departamental de Historia y Ciencias de la Música, Facultad de Filosofía y 13 
Letras, University of Valladolid, Plaza del Campus s/n, 47011, Valladolid, Spain 14 
Manuel Rojo Guerra 15 
Departamento Prehistoria, Arqueología, Antropología Social y Ciencias y Técnicas 16 
Historiográficas, Facultad de Filosofía y Letras, University of Valladolid, Plaza del 17 
Campus s/n, 47011, Valladolid , Spain 18 
Cristina Tejedor 19 
Departamento Prehistoria, Arqueología, Antropología Social y Ciencias y Técnicas 20 
Historiográficas, Facultad de Filosofía y Letras, University of Valladolid, Plaza del 21 
Campus s/n, 47011, Valladolid , Spain 22 
2 
 
 
 23 
Roberto Ontañón Peredo 24 
Cuevas Prehistóricas de Cantabria, Consejería de Educación, Cultura y Deporte, 25 
Carretera de las Cuevas s/n, 39670 Puente Viesgo, Spain	26 
Aaron Watson 27 
Creative Director, Monumental, www.monumental.uk.com 28 
Department of Archaeology, Durham University, South Road, Durham DH1 3LE, UK 29 
Simon Wyatt 30 
Independent Researcher, Bristol, UK 31 
Carlos García Benito 32 
Departamento de Ciencias de la Antigüedad, University of Zaragoza, Pedro Cerbuna, 33 
12, 50009 Zaragoza, Spain 34 
Helen Drinkall 35 
Department of Archaeology, Durham University, South Road, Durham DH1 3LE, UK 36 
Frederick Foulds 37 
Department of Archaeology, Durham University, South Road, Durham DH1 3LE, UK 38 
 39 
 40 
 41 
a)Electronic mail: B.M.Fazenda@salford.ac.uk 42 
Date of upload 43 
 44 
3 
 
 
Short title: Cave acoustics in prehistory45 
4 
 
 
ABSTRACT 46 
During the 1980s, acoustic studies of Upper Palaeolithic imagery in French caves—using 47 
the technology then available— suggested a relationship between acoustic response and 48 
the location of visual motifs. This paper presents an investigation, using modern acoustic 49 
measurement techniques, into such relationships within the caves of La Garma, Las 50 
Chimeneas, La Pasiega, El Castillo and Tito Bustillo, in Northern Spain. It addresses 51 
methodological issues concerning acoustic measurement at enclosed archaeological sites 52 
and outlines a general framework for extraction of acoustic features that may be used to 53 
support archaeological hypotheses. The analysis explores possible associations between 54 
the position of visual motifs (which may be up to 40,000 years old) and localized acoustic 55 
responses. Results suggests that motifs, in general, and lines and dots, in particular, are 56 
statistically more likely to be found in places where reverberation is moderate and where 57 
the low frequency acoustic response has evidence of resonant behaviour. The work 58 
presented suggests that an association of the location of Palaeolithic motifs with acoustic 59 
features is a statistically weak but tenable hypothesis, and that an appreciation of sound 60 
could have influenced behavior among Palaeolithic societies of this region. 61 
 62 
  63 
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I. INTRODUCTION 64 
Around 40,000 years ago, important cultural and artistic innovations appear among the 65 
early human societies of Western Europe. These include cave paintings (parietal art), the 66 
production of bone aerophones, and portable items of mobiliary art, including both 67 
human and animal figures and occasional theriomorphs (Clottes, 2010; Conard et al., 68 
2009; Morley 2013). Considerable evidence exists for the significance of organized 69 
sound in prehistory (Megaw, 1968; Scarre & Lawson, 2006; Till, 2009; Fazenda, 2013; 70 
Wyatt, 2009; Morley, 2013) and previous researchers have suggested links between 71 
painted caves and sound or music making (Reznikoff & Dauvois, 1988; Waller, 1993b). 72 
The use of musical instruments by these early European societies indicates an 73 
appreciation of sonic aesthetics and acoustic ecology in what would have been an 74 
exclusively oral and aural culture, long before the adoption of writing systems. Our aim is 75 
to explore whether this appreciation of sound extended to the acoustic response of spaces, 76 
and how significant this was among Palaeolithic societies. This paper seeks evidence for 77 
a relationship between early visual motifs (Palaeolithic paintings and engravings on cave 78 
walls), particularly their positioning, and an appreciation of acoustic effects that 79 
originated from interactions of sound with physical features of the surrounding 80 
environment at those positions, termed in this paper the acoustic response. It provides a 81 
full description of methods, results and conclusions.  82 
Iégor Reznikoff and Michel Dauvois, both together and individually, have 83 
explored how Palaeolithic human-made motifs in caves might be related to acoustic 84 
response (Reznikoff & Dauvois, 1988; Dauvois, 1996; 1999; 2005; Reznikoff, 1995; 85 
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2002; 2006; 2011). Their research "shows a relationship between these paintings or signs, 86 
and the sounds that might have been produced adjacent to them" (Reznikoff, 2002: 3), at 87 
a series of French caves, including Le Portel, Niaux, Isturitz and Arcy-sur-Cure. 88 
Our research builds upon and develops this earlier work of Dauvois and Reznikoff 89 
and applies a systematic scientific approach to establish whether there is an association 90 
between the location of motifs in caves and the acoustic response at those locations. A set 91 
of five caves, each containing numerous motifs, are investigated in terms of the nature 92 
and location of the motifs and the acoustic response at those positions, measured by state-93 
of-the-art techniques and equipment. For comparative statistical analysis, a number of 94 
control positions where motifs are absent (or exceedingly rare) were also included in the 95 
analysis.  96 
In the discussion of our results, we have used terms such as likely, explanatory 97 
and association, strictly in a statistical rather than an interpretative sense.  Also, the term 98 
motif is employed here for a number of reasons: "art" is a problematic and potentially 99 
anachronistic term carrying numerous post-prehistoric implications; "painting" is 100 
inaccurate as it does not extend to sculptures or engravings. Furthermore, the motifs are 101 
highly variable, from simple dots or lines, to subtle exaggerations of natural rock shapes, 102 
to the well-known but much less numerous illustrations of animals. “Motif” is a term that 103 
covers all examples.  104 
This paper presents relevant research context in existing publications (Section II), 105 
the archaeological setting of the caves studied (Section III), details of acoustic 106 
measurement and the acoustic responses obtained (Section IV), statistical analysis 107 
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(Section V), and a discussion and interpretation of the results (Section VI), before 108 
concluding remarks. 109 
 110 
II. RESEARCH CONTEXT 111 
In his study of the French caves, Reznikoff explored a number of research questions. Are 112 
there "more paintings or signs in locations with the best resonance or sound quality" 113 
(2002: 39)? "To what extent would it be possible to establish on this factual and 114 
experimental evidence the use these people made of sound and voice in relation with the 115 
paintings or other signs in caves? (...) Is there a link between the location of a painting or 116 
a sign and the sound value of this location in the cave?" (2002: 40). Reznikoff explored 117 
the "resonance of sounds" in terms of their intensity and duration, and also considered the 118 
number of echoes present. Intensity in this case referred to amplitude, or volume. 119 
Duration expressed how a sound is sustained, and is perhaps best thought of as 120 
reverberation time, although echoes complicate such a definition. A sound level meter 121 
was used to measure intensity, and a wristwatch, or counting off seconds aloud, was used 122 
to calculate duration. Excitation of these acoustic effects was effected through 123 
vocalisations or the generation of noise signals. 124 
Developed in the 1980s, the methodology employed by Reznikoff in these studies 125 
presents a number of difficulties. The Palaeolithic populations that inhabited and 126 
decorated the caves were Anatomically Modern Humans, with vocalization capacities 127 
similar to our own. Repeated vocalizations by a human performer will never be 128 
sufficiently standardised to provide a repeatible test source, however, since even slight 129 
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differences between successive vocalizations might excite different acoustic responses. In 130 
addition, the experimenter is prone to introduce bias when using his or her own 131 
vocalisations to identify particular points with interesting acoustics. Furthermore, the 132 
voice only covers a limited frequency range that varies widely between individuals, from 133 
low basses to high sopranos. The use of counting or a watch to measure reverberation is, 134 
by contemporary standards, also inadequate. An individual's assessment of when 135 
reverberation has ceased, perhaps expressed to the nearest second, is, by its very nature, 136 
subjective, and the measured reverberation time becomes dependent on: the loudness of 137 
each individual vocal sound; the background noise; and the hearing acuity of the listener. 138 
Dauvois (1999; 2005) used continuous noise signals in the range 25Hz to 300Hz 139 
(1996: 24) to carry out similar tests. The approach is more repeatable, but his 140 
methodology lacks detailed description in the available publications. Details of source 141 
and receiver positions, sound source type or capture methods are not provided. The 142 
limited frequency range of the source signal suggests that Dauvois was interested in the 143 
low frequency response of the space, and the use of steady-state noise as an excitation 144 
signal means that measures of reverberation or echo were not directly possible. 145 
Nonetheless, based on his experimentation, Dauvois (1996) reports that, "it is the 146 
particular natural morphology of the cave that provides the resonance". The choice of 147 
source placement, “also took account of the sonority, a combination of sound, site and 148 
figure, but this is not systematic. Elsewhere there is a significant co-incidence between 149 
signs and resonance (...) there is a Paleolithic definition of an acoustic space" (Dauvois, 150 
1996: 25).  151 
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Although Dauvois suggests that the relationship between motif and sound is 152 
occasional rather than systematic, he postulates a strong relationship, but only provides 153 
circumstantial evidence to support his claims. He shows that acoustic results vary in 154 
positions where paintings are present, but there is no way to establish whether the two are 155 
related; whether, for example, acoustics might vary in a similar fashion in positions 156 
where there are no motifs. Neither results nor methodology were published in detail.  157 
Reznikoff suggests that, "the Palaeolithic people progressed in the cave by using 158 
the voice and resonance's response as a sonar" (2002: 42). He defines resonance as 159 
‘strong’ where the average intensity of sound increases by more than 10dB, or where 160 
resonance lasts for more than three seconds. "Most pictures are located in, or in 161 
immediate vicinity to, resonant places (...) Most ideal resonance places are locations for 162 
pictures (there is a picture in the nearest suitable place). Among the ideal resonant places, 163 
the best are always decorated, or at least marked." His search was for the "relationship 164 
between the location of the drawings and positions where resonance was present" (2002: 165 
43). According to Reznikoff, "the location for a rock painting was chosen to a large 166 
extent because of its sound value" (2002: 49). 167 
In a later publication, Reznikoff recognizes the importance of statistical analysis 168 
in demonstrating these relationships, stating that, 169 
“a meaningful connection between man-made signs and the resonance of a cave 170 
(or of an open space in connection with rock-art), can, in my view, be established only on 171 
a statistical basis. Only such a systematic study is reliable: if among signs and pictures 172 
some are found to correspond to resonant locations, then we can assert this relationship as 173 
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shown, if the positive connections are statistically significant. Otherwise doubt remains: 174 
perhaps the connection appears just by coincidence. For a statistical study to be effective, 175 
it must be based first for (i.e. on) a given cave (or space) and then, by collecting several 176 
such studies, one might begin a general comparative study.” (Reznikoff, 2006: 79) 177 
Reznikoff estimates the correlation of, "pictures found in well resonating 178 
locations", at 80% in Le Portel and Arcy-sur-Cure and 90% at Niaux (Reznikoff, 2006: 179 
79). He acknowledges that in Niaux almost all the paintings are in the Salon Noir, where 180 
the whole chamber has very rich acoustics (i.e. long reverberation time). Thus all the 181 
paintings in the Salon Noir are associated with similar acoustics. These percentages are 182 
clearly approximations, and are not intended as a scientific statistical analysis. Reznikoff 183 
makes clear the need for a more detailed statistical study.  184 
In the same publication Reznikoff suggests that, "red dots or marks are related 185 
closely to the resonance of the part of the cave where they are located" (2006: 79). The 186 
reference here is to amplitude, rather than (for example) to reverberation. Reznikoff also 187 
asserts that, "as a general rule, niches or recesses that are painted (with red dots, some 188 
marks or pictures) resonate strongly" (2006: 80). Indeed elsewhere he discusses red dots 189 
as being the most closely associated with sound. 190 
In a separate series of studies, Waller (1993a; 2006) explores the relationships 191 
between rock art more generally (in open spaces as well as in caves) and sound. He 192 
suggests, "an acoustical motivation for the content and context of at least some rock art" 193 
(1993b: 91). In Palaeolithic caves, Waller proposes that, for example, images of hooved 194 
animals may be placed in positions where echoes are present, to reflect the sounds made 195 
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by the animal represented. He also argues that rock art is generally linked to sound, 196 
quoting numerous examples of rock art sites with unusual acoustics, as well as 197 
ethnographic and historical traditions indicating mythical or ritual relationships between 198 
rock art and sound, reverberation and echo. The methods used to test these relationships, 199 
employing cassette tape and simple impulse sounds such as the voice as a source, are 200 
again rather simplistic by today's standards and, while suggestive, do not provide any 201 
level of certainty.  202 
Following on from research by Dauvois, Reznikoff and Waller, the study 203 
presented here defines a methodology that looks for association between cave art and 204 
acoustic response within five caves in the Asturian and Cantabrian regions of Northern 205 
Spain. Both regions share the same sequence and approximate chronology of successive 206 
Upper Palaeolithic phases, from Aurignacian (42,000–35,000 BP), through Gravettian 207 
(35,000–25,000 BP) and Solutrean (25,000–20,000 BP) to Magdalenian (20,000–15,000 208 
BP) (Zilhão, 2014: 1736). The caves involved are part of the Cave of Altamira and 209 
Paleolithic Cave Art of Northern Spain World Heritage Site (UNESCO 2: Ontañón et al., 210 
2008). The study focuses on four Cantabrian caves: La Garma, El Castillo, La Pasiega 211 
and Las Chimeneas; and one Asturian cave, Tito Bustillo. 212 
We explore a number of research questions. Can a statistical association be 213 
scientifically established between Palaeolithic visual motifs in caves and acoustics? What 214 
is the nature of the relationship between the two, if any? Are specific types of motifs 215 
(such as red dots) correlated with acoustic response? More generally, what can an 216 
acoustic study tell us about the archaeology of these caves, and the way they may have 217 
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been perceived and experienced by prehistoric populations? In order to answer these 218 
questions, specific archaeological information was needed, notably an understanding of 219 
the typology and chronology of motif creation. 220 
 221 
III. ARCHAEOLOGICAL DETAILS OF THE CAVES 222 
A. Cave morphology and setting 223 
The material culture found in the caves included in this study corresponds to the same 224 
cultural horizons as that in the French caves studied by Dauvois and Reznikoff. At the 225 
same time it must be recognised that the internal morphology and structure of the caves 226 
has undergone processes of modification (both human and natural) that inevitably affect 227 
their acoustics. Some areas of these caves may hence exhibit acoustic responses that have 228 
changed since prehistory. The five caves were selected to provide a range of alteration 229 
from slight (La Garma) to significant (Tito Bustillo, El Castillo). The largest, most 230 
dramatic caves (Tito Bustillo and El Castillo), are the most changed, following 20th 231 
century alterations to make them accessible to the visiting public. 232 
The morphology of these caves is intricate, composed of galleries that branch off 233 
into other galleries or smaller side chambers, through narrow passages. As a result, the 234 
architectural effects of each gallery or section are typically acoustically decoupled from 235 
those adjacent to it. Plans of the caves can be found in the project archive 236 
(https://tinyurl.com/n37qdym) 237 
The most significant naturally occurring change to the architecture of the caves 238 
came about through the closing or sealing of their original entrances by rock-falls or by 239 
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sediment accumulation. All of the locations chosen for acoustic measurements included 240 
in the analysis are a sufficient distance away from the original or modern entrances for 241 
that to have little effect. Some of the measurements were taken in places where the 242 
morphology of the cave is altered (for example through modern lowering or levelling of 243 
cave floors or the provision of a modern staircase) although most were taken in spaces 244 
where the archaeologists believe the original morphology is preserved, particularly in 245 
difficult-to-access side chambers. Although exceptions to this were observed in a very 246 
few side chambers, none of these would have recorded a different acoustic response had 247 
the original entrance been open at the time of our measurements. Where possible, the 248 
positions of the microphone and sound source were selected to avoid direct influence 249 
from modern modifications to the cave morphology. 250 
 251 
B. Chronology 252 
The chronology of Upper Palaeolithic parietal art has long been a subject of debate. Early 253 
attempts at establishing a chronology were based on the assumption of a unilinear 254 
stylistic progression (Breuil, 1952; Leroi-Gourhan, 1965). From the 1990s, however, the 255 
application of scientific dating techniques, particularly accelerator mass spectrometry 256 
radiocarbon and uranium series dating (e.g. Clottes et al., 1995; García Diez et al., 2013; 257 
Pike et al., 2012; Valladas et al., 2001; 2005) have challenged these earlier schemes. 258 
While the validity of the dates and the methods that underpin them have met with varying 259 
degrees of criticism, it is undeniable that we can no longer treat the chronological 260 
14 
 
 
arrangement of Upper Palaeolithic art as a simple progression from rudimentary to 261 
complex forms. 262 
Despite these advances, an overarching chronology for parietal art has yet to be 263 
realized. Although scientific techniques provide a somewhat clearer picture, only a 264 
limited amount of Upper Palaeolithic cave art has been reliably dated. Given the sparse 265 
radiometric dating of the motifs within the caves included in our study, we have taken a 266 
heuristic approach to the interpretation of their chronology, categorizing them into three 267 
phases: early (Aurignacian/Gravettian c. 42,000–25,000 Before Present), middle 268 
(Solutrean 25,000–20,000 BP) and late (Magdalenian 20,000–15,000 BP). This 269 
incorporates stylistic considerations alongside recorded absolute dates (where available). 270 
The earliest motifs appear to be dots, discs and lines (Pike et al., 2012), followed 271 
by hand stencils, usually in red (Pettitt et al., 2014). These we attribute to our ‘early’ 272 
phase. Animals, mainly in outline, and geometrics such as tectiforms constitute our 273 
‘middle’ phase; whereas the elaborate and sometimes polychrome figures of the 274 
Magdalenian period, well represented at caves such as Altamira, are coded as ‘late’. This 275 
chronology is supported by studies seeking to reconcile stylistic and radiometric dating 276 
(e.g. Alcolea González & Balbín Behrmann 2007). 277 
Chronology is important when addressing cave acoustics for several reasons. 278 
First, given the cumulative and potentially shifting distribution of motifs within these 279 
caves, it is probable (and in some cases it is documented) that the earliest motifs in a 280 
given cave were located in specific places, or limited to one section or gallery. Later 281 
motifs may not only have filled out this pattern but may also have extended to new areas. 282 
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Hence any attempt to relate cave acoustics to the distribution of motifs that did not 283 
control for chronology would risk conflating a series of potentially distinct patterns. 284 
There may have been close association between the location of motifs and acoustic 285 
signals in some phases, but not necessarily in all phases of cave art. 286 
Secondly, the likelihood that behaviors associated with the motifs changed over 287 
time make chronology especially important. Cave acoustics may have been significant for 288 
certain kinds of behaviors in certain periods, but not necessarily in the same way 289 
throughout the entirety of the long period (over 30,000 years) during which motifs were 290 
being painted or engraved in these caves. The contention that behaviors will have 291 
changed through time makes controlling for chronology, albeit inexactly, essential in a 292 
statistical assessment of the relationship between acoustics and the placement of motifs.  293 
The coding of motifs in the individual segments of these caves that were targeted 294 
in this study is summarized in Table I. It should be noted that, as a control, measurements 295 
were taken in a number of sections without (or with minimal) recorded Palaeolithic 296 
motifs (La Garma section 7; La Pasiega Gallery A (outer); and Tito Bustillo side 297 
chambers TB1 & TB2). 298 
 299 
IV. ACOUSTIC MEASUREMENT AND RESPONSE 300 
A. Acoustic measurement 301 
In order to explore potential associations between visual motifs and acoustics, 302 
information on both had to be collected systematically, and data to be collated in a 303 
manner that allowed for statistical analysis. Relevant literature on the caves was explored, 304 
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in order to contextualize the research archaeologically (Arias et al., 2001; Balbín 305 
Behrmann, 1989; Berenguer Alonso, 1985; Breuil et al., 1913; Cabrera Valdès, 1984; 306 
González Echegaray, 1974; González Sainz et al., 2003). Professor Roberto Ontañón, of 307 
the University of Cantabria and director of the Cantabria Prehistory and Archaeology 308 
Museum, who had archaeological oversight of many of the caves, and Professor Manuel 309 
Rojo Guerra, of the University of Valladolid, both took part in the field work advising on 310 
archaeological matters.  311 
Our methodology was to capture the impulse response by acoustic measurements 312 
at a number of specific positions in a cave, and to record information about the 313 
archaeological context at each position. A range of data was recorded at each 314 
measurement point, including the specific position and type of source (loudspeaker) and 315 
receiver (microphones) within the cave, and their distance from motifs (where the latter 316 
were present); the presence or absence of a motif or motifs; the type of motif(s) (painting, 317 
engraving, rock sculpture, dot, disc, line, sign, horse, bison, bovid, reindeer, ibex, bear, 318 
bird, whale, fish, cetacean, anthropomorph, hand stencil); how many of each type were 319 
present; colors (for painted motifs); distance to the cave's original entrance; chronological 320 
information (phase); reference number of the audio file created; and reference codes for 321 
photographs taken at each position. The data were recorded in standardised field notes 322 
and plans, and all information was later collated in a spreadsheet.  323 
Every acoustic measurement can hence be traced to specific source and receiver 324 
positions within the caves. Acoustic measurements were taken according to guidelines in 325 
ISO3382 although a number of adaptations had to be implemented to accommodate the 326 
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added difficulty of measuring within a cave environment. Source positions were chosen 327 
towards the centre of each cave section (chamber or gallery) that was being measured, 328 
always maintaining sufficient distance from microphones to avoid source near-field 329 
effects. For each section, data for at least one source position and three microphone 330 
positions were collected. ISO 3382 recommends two source positions, and this was 331 
followed where possible and relevant. Some of the spaces measured were small (c. 25m3) 332 
rendering more than 3 measurement positions redundant. In addition, the uneven ground 333 
surface made it difficult to position source and microphone stands firmly in more than a 334 
few positions. In other cases positions were restricted because equipment could not be 335 
placed on fragile archaeological material. These and similar factors place constraints on 336 
acoustic measurements in archaeological sites such as these caves and differentiate them 337 
from the typical architectural acoustics measurements represented by ISO standards. 338 
These standards typically have a different purpose to the forensic examinations of the 339 
type required within this project; for example, the multiple source and receiver positions 340 
recommended in ISO 3382 are intended to obtain an average of the acoustic response to 341 
represent the diffuse field reverberation, whereas we were interested additionally in the 342 
variety of response.  343 
Where motifs were present, measurement positions were selected by placing a 344 
microphone in front of them at a distance of 1 m from the motif. In some cases this was 345 
impossible to achieve, but in general the principle was followed. Control measurements, 346 
where no motifs were present, followed the same procedure, the microphone being 347 
positioned about 1 m from selected surfaces with no motifs.  348 
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To collect impulse responses, the sine sweep measurement method was used 349 
(Muller et al., 2001). A logarithmic sine sweep, in digital format, sampled at 48kHz, 16 350 
bits, was generated within the range 20Hz to 20kHz with a duration of 15 seconds. These 351 
settings, rather than higher sample-rates or bit-depths, were considered appropriate as 352 
they provide signal to noise ratios (SNR) above 60dB, which is sufficient for extraction 353 
of acoustic metrics, such as T30, from the impulse response. The restrictions on SNR in 354 
these situations are defined by the electroacoustic transducers and the environmental 355 
conditions rather than the recording equipment. The main measurement system employed 356 
a laptop and professional soundcard (Focusrite Saffire Pro 26 i/o). The sound source was 357 
a battery powered Bang & Olufsen Beolit 12 amplified loudspeaker, and the signal was 358 
fed to the speaker from the soundcard via a cable. The microphone signal was acquired 359 
via the soundcard and EASERA [www.easera.afmg.eu] measurement software was used 360 
to run the measurement and obtain the impulse response.  361 
The Bang & Olufsen Beolit 12 speaker was chosen for a number of reasons. It has 362 
a reasonably flat frequency response, acceptably wide polar pattern and sufficient 363 
acoustic power; its small size and battery autonomy enables measurements without a 364 
power supply for several hours. The frequency and directivity response of the speaker 365 
measured in a fully anechoic room can be accessed via the online project repository in 366 
https://tinyurl.com/k7pxt95. Further specifications provided by the manufacturer can be 367 
found in https://tinyurl.com/n2ckb8j.  368 
The performance of our measurement system was compared against a 369 
reverberation time measurement taken in the large reverberation room at the University 370 
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of Salford (7.4m long × ~6.6m wide × 4.5m high) which has been designed with hard 371 
surfaces and non-parallel walls to give long empty room reverberation times with 372 
uniform decays. The room has the shape of a truncated wedge and has 11 plywood 373 
panels, each panel 1.22m × 2.44m, hung in the room to improve diffusion of the sound 374 
field. The measurements in this facility follow Clause 6.2.1.1 in BS EN ISO 354: 2003 375 
("Acoustics - Measurement of sound absorption in a reverberation room") with an 376 
excitation signal comprised of wide band random noise played into the room via a 377 
loudspeaker system mounted in a cabinet facing a corner. The sound is monitored at 6 378 
positions with Brüel & Kjær type 4166 random incidence condenser microphones. Our 379 
measurement system was then benchmarked using the same source and microphone 380 
positions, replacing the original source with the Bang & Olufsen Beolit 12 amplified 381 
loudspeaker and using the logarithmic sine sweep signal defined above to excite the 382 
room. Each of the microphone signals were then deconvolved in a post-processing stage 383 
as described in (Muller et al., 2001), to obtain the impulse responses from which the 384 
benchmark values of T30 were determined. To extract T30, we follow the procedure 385 
originally proposed by Schroeder (1965), which is based on the backward integration of 386 
the energy contained in the impulse response. This results in a curve that represents the 387 
decay of energy from the arrival of direct sound through to the last reflections from the 388 
surrounding boundaries. From this curve, the T30 values are extrapolated by means of 389 
linear regression between the -5dB and -35dB values, obtained at each octave band after 390 
appropriate filtering. Table II shows T30 obtained when testing our system in the 391 
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reverberant chamber. When compared to the reference measurements of the chamber, 392 
mean and maximum errors of 0.09s and 0.2s respectively were observed.  393 
The measurement system and, in particular, the excitation source differs from the 394 
typical omnidirectional source prescribed in ISO 3382 for standard measurements, or 395 
systems employing studio reference loudspeakers, often with a matched sub-woofer to 396 
enhance the bass response such as in the work of Murphy (2006). These systems are, 397 
however, often large and heavy, which makes them impractical in a cave environment.  A 398 
more portable configuration was thus devised to obtain responses in the most difficult to 399 
access spaces or where mains power could not be delivered. This comprised the same 400 
Bang & Olufsen Beolit 12 sound source being driven with a pre-generated sine sweep, 401 
identical to that used in the main measurement system. The signal, sampled at same 402 
sample rate and bit depth, was played on a handheld portable player connected directly to 403 
the sound source. The signal from the microphone was recorded directly onto a 404 
professional standard portable digital recorder (Sound Devices 744T) at 48kHz sample 405 
rate and 16 bit depth. The recorded sine sweeps were converted to room impulse 406 
responses as described in Muller et al. (2001). In both configurations of the measurement 407 
system, the same microphones (omnidirectional DPA 4006 microphones with B&K 408 
diaphragms) were used.  409 
B. Acoustic responses 410 
It is likely that both speech and music were part of the cultures that used the caves, given 411 
that speech evolved earlier (Fitch, 2010) and examples of musical instruments in the 412 
human cultures under study here have been reported in archaeological studies (Conard et 413 
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al., 2009; Buisson, 1990; García Benito et al., 2016; Ibañez et al., 2015). Therefore it is 414 
appropriate to analyze the responses using a mixture of metrics that have been shown to 415 
relate well to subjective response in room acoustics for music and speech. Although these 416 
metrics have been derived for and are widely used in performance spaces, they have also 417 
been commonly employed in the characterization of a multitude of human environments 418 
from churches (Magrini et al., 2002) to soundscapes (Rychtáriková et al., 2013), 419 
including spaces both big and small (Stephenson, 2012; Vanderkooy, 2007). They 420 
represent common metrics that describe acoustic response in enclosed spaces and are thus 421 
useful for general interpretation of the data collected. Their interpretation is intuitive 422 
allowing an objective quantification the responses measured using well established and 423 
perceptually relevant metrics which may be understood by all and, as we will 424 
demonstrate in Section V, useful in establishing and interpreting one of the principal 425 
dimensions of variance in the data collected. 426 
From the measured impulse responses, 23 acoustic metrics were extracted, following well 427 
known methods reported in ISO 3382, Barron (2009), Kuttruff (2009), Steeneken et al. 428 
(1980), Stephenson (2012) and Dietsch et al. (1986). These metrics comprise: 429 
• T30 and EDT each extracted across six octave bands between 125Hz and 4000Hz. 430 
The extraction of T30 values is as described above in Section IV.A. The 431 
extraction of EDT follows the same method of Schroeder’s backwards integration 432 
of the impulse response as that for T30 but the linear regression is obtained 433 
between the 0 and -10dB points on the decay curve. Average values for T30 and 434 
EDT are obtained from the values at 500Hz and 1kHz octave bands as defined in 435 
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ISO 3382. T30 and EDT are common acoustic metrics used to describe the 436 
acoustic response of spaces. Whilst T30 pertains to the decay of acoustic energy 437 
homogeneously within a space and is related to the physical properties of the 438 
space (volume and surface area), EDT is perceptually more relevant to the 439 
sensation of reverberance and sensitive to the effects of early reflections (ISO 440 
3382; Barron, 2009; Kuttruff, 2009). 441 
• C80 and D50 each determined as a mean of the values obtained at 500Hz, 1000Hz 442 
and 2000Hz octave bands (Barron, 2009). D50 and C80 are temporal metrics of 443 
balance between early and late arriving energy, calculated for a 50ms or 80ms 444 
early time of arrival limit, depending on whether speech or music are the subject 445 
of analysis. C50 is directly correlated to D50 and has therefore not been used in 446 
this study.  447 
• Speech Transmission Index is a metric describing the quality of speech signal in 448 
terms of the loss of speech modulation caused by reverberation (Steeneken et al., 449 
1980). 450 
• LFRT60diffs, LFRT60thr, LFdevflat and LFdevsmooth, are four figures of merit 451 
derived to quantify the quality of low frequency response of small rooms. Each of 452 
these figures of merit calculates a score between zero and one, where one 453 
corresponds to a response free of the particular low frequency artefacts it has been 454 
designed to identify. The frequency band within 32Hz and 250Hz has been 455 
analysed in third octave bands. LFRT60diffs determines absolute differences in 456 
T30 values between adjacent third octave bands, revealing a modal soundfield 457 
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when those differences are large; LFRT60thr reports on the degree to which the 458 
measured response in each third octave band is above the perceptual modal 459 
thresholds identified in Fazenda et al. (2015); LFdevflat calculates the deviation 460 
from the measured magnitude spectra to a flat magnitude spectra and 461 
LFdevsmooth does the same to a smoothed version (3rd order polynomial fitting) 462 
of the measured response (see Stephenson, 2012 and citations therein for more 463 
detail on these figures of merit);  464 
• Echo criteria has been used for the detection of audible echoes in both speech and 465 
music signals (Dietsch et al., 1986). 466 
A general analysis of the acoustic response within the caves is now presented, 467 
including the measured T30 averaged for each section in each cave (Figures 1–5).  468 
 469 
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 470 
 471 
FIG. 1. T30 for La Garma. Means and 95% confidence intervals are presented for 472 
measurements in four different sections within the cave. 473 
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 474 
FIG. 2. T30 for El Castillo. Means and 95% confidence intervals are presented for 475 
measurements in two different sections within the cave. 476 
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 477 
FIG. 3. T30 for Tito Bustillo. Means and 95% confidence intervals are presented for 478 
measurements in 10 different sections within the cave. 479 
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 480 
FIG. 4. T30 for La Pasiega. Means and 95% confidence intervals are presented for 481 
measurements in two different sections within the cave. 482 
 483 
●
●
●
●
●
●
0
1
2
3
125 250 500 1000 2000 4000
Octave Bands (Hz)
T3
0(
s)
● LP1 LP2
28 
 
 
 484 
FIG. 5. T30 for Las Chimeneas. Means and 95% confidence intervals are presented for 485 
measurements in three different sections within the cave. 486 
 487 
In terms of T30, the acoustic response generally follows a common tendency in 488 
architectural acoustics, showing higher levels of reverberation at low frequencies and a 489 
decrease towards the higher frequencies. The values for reverberation are typically under 490 
2 seconds, except in the large central gallery of Tito Bustillo, and in a large section near 491 
the entrance of La Pasiega and, even here, only at low frequencies. 492 
It might appear surprising that we did not find high reverberation time (>3 493 
seconds) in these caves. Indeed, we encountered a range of acoustic conditions, from 494 
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small, very dry spaces, with reverberation (T30) below 0.4 seconds, to large spaces with 495 
T30 above 2.5 seconds at 500Hz and below.  496 
The rock faces within these caves were varied and their particular geology and 497 
morphology, i.e. the shape and surface conditions, do not, in general, support very long 498 
reverberation times. Although sections of La Pasiega featured smooth rock faces, many 499 
other areas of the cave walls were characterized by much rougher surfaces, as (for 500 
example) throughout La Garma. Soft or porous rock can be worn into irregular shapes, 501 
and granular geology forms rough textures. The reason why very long reverberation 502 
times are not found in some caves might be due to the fact (as suggested by Cox, 2014) 503 
that the many passage-ways to adjacent cave sections, together with the diffusion 504 
produced by irregular or rough surfaces, force large amounts of wave-surface interaction, 505 
which has the effect of reducing the energy quickly.  506 
La Garma section 7, where motifs are very rare, has a longer reverberation than 507 
the other three sections measured in this cave, where many more motifs are present. 508 
Section 6, where large numbers of dots and some hand stencils are present, appears to 509 
have a long reverberation at very low frequencies. Interestingly, in this section, the 510 
measured responses also suggest the existence of low frequency resonances reported by 511 
the low frequency metrics. Namely, the scores for LFdevflat are an order of magnitude 512 
smaller than at other positions in the cave, suggesting these positions might be associated 513 
with modal behaviour (i.e. a specific frequency or frequencies which exhibit a long 514 
temporal decay and a marked amplitude level). This is also the case for the other low 515 
frequency figures of merit although the effect is not as marked.  In the large cave of El 516 
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Castillo, two areas were measured: a large open area (EC1, the “vertical bison” section) 517 
and a smaller contained space with a lower ceiling (EC2, the “hands panel”). Both 518 
sections appear to sustain a similar response, although the “vertical bison” section 519 
understandably sustains longer reverberation times given it is larger and has a higher 520 
ceiling. The “hands panel” is directly adjacent to a large section with a high ceiling, and 521 
acoustic coupling between the two may account for the similarities in response. In Tito 522 
Bustillo, a number of small side chambers, of similar size and volume, were measured. 523 
These small chambers have similar reverberation times. The Chamber of the 524 
Anthropomorphs (TB8 in Figure 3), extremely difficult to access and connected to the 525 
main gallery via a sequence of narrow passages at various heights, is larger than the other 526 
side chambers that were measured and sustains a longer reverberation time. Longer 527 
reverberation times are also observed in the main central gallery of this cave, off which 528 
the side chambers open. 529 
La Pasiega differed from the other caves in consisting of a network of long 530 
narrow passages. It has long reverberation times at low frequencies as a result of its 531 
tunnel-like shape (Kang, 2002). This can be clearly seen in the steep increase of 532 
reverberation time (RT) values towards the lower frequencies. The corridor where most 533 
motifs are found (LP1 in Figure 4) has lower values of T30 than the area near the modern 534 
entrance, where motifs are absent (LP2). All measured sections at Las Chimeneas seem 535 
to have a similar response, with no clear differences between sections, apart from the 536 
1000Hz values. 537 
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In general, the trends observed for reverberation time (T30) across the caves are 538 
matched by other acoustic metrics derived from the impulse responses, such as EDT. 539 
Figure 6 shows median and interquartiles for average T30 values obtained within 540 
each of the sections for each cave. The ISO 3382 standard defines single figure values for 541 
T30 and early decay time (EDT), utilising the average of values obtained in the 500Hz 542 
and 1000Hz octave bands. Average T30 values are contained between 0.2 seconds and 543 
around 1.2 seconds with two sections exhibiting T30 larger than 1.5 seconds. One of 544 
these measurements was taken in the very large central gallery of the Tito Bustillo cave. 545 
The other was in La Pasiega where two long corridors crossed. Both T30 and EDT relate 546 
to the time it takes for the energy in the space to decay by 60dB. T30 accounts for this 547 
decay after the first 5dB drop and is therefore not overly dependent on very early 548 
reflections and, consequently, to local conditions at each measurement position. On the 549 
other hand, EDT corresponds to the time taken for the energy to decay by 10dB 550 
immediately after the arrival of the direct sound, making it more sensitive to early 551 
reflections and thus to local conditions (Barron, 2009). The values obtained for EDT in 552 
each section are similar to those for T30 albeit with a slight decrease, as would be 553 
expected since the early energy often decays more rapidly than late reverberation. These 554 
results are shown in Figures 6 and 7. 555 
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 556 
FIG. 6. T30 boxplots showing median, interquartile range, maximum and minimum 557 
values. Circles represent outliers. Data are shown for each section within the cave. 558 
Sections are grouped per cave with different shades (color online). 559 
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 560 
FIG. 7. EDT boxplots showing median, interquartile range, maximum and minimum 561 
values. Circles represent outliers. Data are shown for each section within the cave. 562 
Sections are grouped per cave with different shades (color online). 563 
 564 
The deeper parts of the caves, away from the entrance, were probably used for 565 
ritual purposes rather than occupation (which was mostly near cave entrances: Arias, 566 
2009), and thus metrics widely used in acoustic description of contemporary ceremonial 567 
spaces such as concert halls and churches are used here to provide a well-grounded 568 
comparison between the conditions found in caves and those found in the modern built 569 
environment. These metrics, calculated from the measured impulse responses, relate to 570 
●
●
EC
1
EC
2
LC
1
LC
4
LC
8
LG
1
LG
6
LG
7
LG
9
LP
1
LP
2
TB
1
TB
10 TB
2
TB
3
TB
4
TB
5
TB
6
TB
7
TB
8
TB
9
0.5
1.0
1.5
2.0
2.5
3.0
EDT across Cave Sections
Cave Section
ED
T(
s)
El 
Ca
stil
lo
Las
 Ch
ime
nea
s
La 
Ga
rm
a
La 
Pa
sie
ga
Tito
 Bu
stil
lo
34 
 
 
the way the reflected energy is distributed over time and define aspects of speech 571 
intelligibility (STI), clarity for musical sources in concert halls (C80) and the distinctness 572 
of sound or definition (D50) (Kuttruff, 2009). These are typical acoustic metrics, often 573 
used to describe the performance of spaces where acoustic performances involving either 574 
spoken word or musical activity are to take place. The average values for C80 and D50 575 
have been obtained from the measured values at 500Hz, 1kHz and 2kHz as per Barron 576 
(2009). The values for STI have been obtained according to Houtgast and Steeneken 577 
(1980). 578 
 The extracted metrics for each cave section are presented as medians and 579 
interquartile ranges in Figures 8, 9, and 10. 580 
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FIG. 8. STI boxplots showing median, interquartile range, maximum and minimum 582 
values. Circles represent outliers. Data are shown for each section within the cave. 583 
Sections are grouped per cave with different shades (color online). 584 
 585 
FIG. 9. C80 boxplots showing median, interquartile range, maximum and minimum 586 
values. Circles represent outliers. Data are shown for each section within the cave. 587 
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Sections are grouped per cave with different shades (color online).588 
 589 
FIG. 10. D50 boxplots showing median, interquartile range, maximum and minimum 590 
values. Circles represent outliers. Data are shown for each section within the cave. 591 
Sections are grouped per cave with different shades (color online). 592 
 593 
STI across the measurement positions lies within 0.5 and 0.9, which is a range 594 
where speech intelligibility is considered ‘good’ or better. C80 values range between -595 
1dB and 20dB. The preferred range for this metric in auditorium acoustics is above -2dB 596 
(Barron, 2009). D50 ranges from around 0.3 to around 0.9. The preferred range for this 597 
metric is above 0.5. Overall, the values found in the caves indicate conditions with good 598 
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clarity and, mainly, intelligible speech. If these were modern auditoria they might be 599 
described for example as offering favourable conditions for musical activity. Hence most 600 
measurements within the caves indicate spaces without the typical acoustic problems, 601 
such as echoes or over-long reverberation, which are known to mask certain aspects of 602 
sound in communication (speech in particular) and to interfere with music making 603 
(Barron, 2009; Kuttruff, 2009).  604 
 605 
V. STATISTICAL ANALYSES  606 
To investigate associations between the position of motifs and the acoustic response at 607 
these positions, statistical models were fitted to the acoustic data in order to compare that 608 
with data on the presence of motifs and their type. Models of this kind generally require a 609 
significant number of samples in order to ensure sufficient statistical power for a valid 610 
test. Initial analyses focussed on responses obtained in each cave but did not reveal 611 
statistically significant data owing to low sample count and, in the cases of El Castillo, La 612 
Garma and La Pasiega, to the lack of sufficient samples in control positions, i.e. at places 613 
where no motifs are found. Indeed, at Las Chimeneas there were no positions without 614 
motifs except at the collapsed original entrance. Our interest, however, lies in the 615 
association between the behavior of those who created the motifs and the acoustic 616 
response they would have experienced when near to the motifs. The dataset has therefore 617 
been collated to allow a meta-analysis across all five caves. This results in a significant 618 
count of data samples (N=177) and the statistical analyses thus exhibit higher power. 619 
Such integration of data also makes sense archaeologically, as the caves are situated 620 
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within a restricted geographic region, and the motifs that they contain belong to a shared 621 
series of cultural traditions.  622 
 623 
A. Building an explanatory statistical model 624 
The purpose of the statistical analyses that follow is to build an explanatory model and 625 
test whether the acoustic variables in this model have a statistically significant 626 
relationship to the human behaviors under study. These behaviors are selected based 627 
upon the following research questions: 628 
1) Is there an association between motifs of the earliest phase and acoustic response? This 629 
first investigation focuses on dots and lines, followed by an analysis of hand stencils, 630 
which are also early in date.  631 
2) Is there an association between acoustic response and motifs across all three periods 632 
under study: early, middle and late? This considers whether the chronological 633 
categorization of motifs can be explained by the acoustic response. 634 
3) Can the color of motifs be explained by acoustic response? 635 
4) Is there an association between acoustic response and the position of any type of motif, 636 
regardless of its type, color or era? This analysis divides into two parts. First, it explores 637 
situations where the acoustic response is individually associated with a motif within a 1 638 
metre radius. Secondly, it (re)codes acoustic measurements taken within an entire section 639 
of the cave, according to the presence or absence of motifs within that section. As we will 640 
see, this difference in coding has an effect on the explanatory power of the statistical 641 
model.  642 
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The final statistical model explores whether factors other than acoustic response 643 
(such as proximity to the original cave entrance) might aid in explaining the positioning 644 
of motifs. This puts in perspective the relative importance of variables other than those 645 
reporting acoustic response metrics in explaining the position of motifs. 646 
For the analyses listed above, the dependent variable is either dichotomous 647 
(presence or absence of motifs), categorical (e.g. animal, hands or dots for type of motifs) 648 
or ordinal (early, middle and late era). For variables of these kinds, binary logistic 649 
regressions, multinomial logistic regressions and ordinal logistic regressions, 650 
respectively, are suitable models, and it is these that are the object of the analyses that 651 
follow. Given the sparse number of samples for each condition, normal distributions of 652 
data cannot be assumed and the more typical and powerful parametric analyses cannot be 653 
applied.  654 
Where statistically significant models can be found, they define the probability 655 
that the dependent variable is a function of the explanatory (i.e. independent) variables. In 656 
lay person's terms, this tests whether there is a statistical association between acoustic 657 
parameters and motif-related parameters, and also quantifies the statistical probability of 658 
that relationship. The data collected has been tested for compliance with the underlying 659 
assumptions required by these statistical models, and those assumptions have been met in 660 
all cases presented. Particular tests for this are indicated where appropriate. The data for 661 
the study is available and may be downloaded from https://tinyurl.com/n5pmm8m, citing 662 
this paper as the source.  663 
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As mentioned previously, details of every acoustic response sampled were 664 
recorded on a spreadsheet. At each position a range of data was collated, including 665 
presence, shape, color, position and date of motif. Every measurement contains coding of 666 
archaeological data, and hence in the simplest categorization, the binary presence/absence 667 
of a motif near the position of the acoustic measurement is known. For this 668 
categorization, the existence of a motif within 1 metre of the measurement microphone 669 
means that that particular measurement position is coded as motif present.  670 
177 data cases have been collected in the five caves studied. A binary coding has 671 
been applied for the following variables: 672 
Presence/absence of motif (N=177; Yes=98, No=79) 673 
Presence/absence of dots-lines (N=177; Yes=64, No=113) 674 
Presence/absence of hand stencils (N=177; Yes=16, No=161) 675 
 676 
For all cases where motifs are present, the relevant archaeological data within the 677 
sample was coded. The categorical variables in these cases are (sample counts in each 678 
category): 679 
Chronology: early, middle, late (26,30,38)  680 
Type: dots-lines, animals, hand stencils, symbols (64,27,5,2)  681 
Color: black, red, violet (27,52,8) 682 
 683 
B. Reducing the number of variables 684 
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Twenty-three different acoustic metrics were extracted from each of the impulse 685 
responses, as discussed in more detail in Section IV above. Most of these are correlated, 686 
meaning there is redundancy in the set (i.e. some of these 23 metrics provide very similar 687 
information). Furthermore, performing the following statistical analysis on each of the 23 688 
variables individually would ignore relationships and interaction effects between the 689 
variables. In order to reduce the data, a Principal Component Analysis (PCA) has been 690 
performed. PCA is a dimensionality reduction technique which here allows a more useful 691 
interpretation of the acoustic data, grouping the granular information into principal 692 
components or dimensions, which more directly explain the variance found in the dataset 693 
with regards to acoustic response. The dimensions provided by the PCA can be seen as 694 
synthetic variables that contain within them the contributions of each of the original 695 
acoustic metrics extracted from the measurements. These dimensions will, however, be 696 
one step removed from those original acoustic metrics (such as T30, EDT and STI) 697 
making the interpretation of results somewhat more complex. 698 
A number of assumptions are made for the PCA. It is assumed that all variables 699 
submitted to the PCA are continuous and that a linear relationship exists between most 700 
variables. This has been tested using a correlation matrix, and most variables are 701 
correlated at 0.9 or above, whilst the lowest correlation value found is 0.08. The 702 
KaiserMeyer-Olkin measure of sampling adequacy (KMO) was 0.909, suggesting that a 703 
principal component analysis would is adequate for this dataset. Using Bartlett’s test of 704 
sphericity, the null hypothesis that the correlation matrix of the data is equivalent to an 705 
identity matrix was rejected (χ2=11842, df=253,p<0.000) indicating good suitability for 706 
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data reduction. Outliers have been checked by comparing the mean with the 5% trimmed 707 
mean (Sarkar et al., 2011). For all variables the difference between the two means was 708 
below or much below 5% of the original mean, except for LFdevflat and LFdevsmooth 709 
where the difference was 12% and 8% of the original mean respectively. No variables 710 
were therefore removed. 711 
The initial unrotated PCA reveals three dimensions explaining 87.5% of the total 712 
variance in the data. A null hypothesis test for the correlation between dimensions was 713 
shown to be highly significant (all p<0.000) suggesting no significant correlation 714 
between the three extracted dimensions. A further PCA was thus limited to three 715 
dimensions, and rotated using the Varimax method. Here dimension 1 explains 72% of 716 
the variance whilst dimensions 2 and 3 explain 11% and 4.5% respectively. The results of 717 
the rotated principal component analysis will now be discussed. 718 
Figures 11 and 12 show the 3 principal components, or dimensions, extracted 719 
from the acoustic data. The loading of each acoustic metric on each dimension can be 720 
obtained from the projection of its vector onto the corresponding dimension axis. For 721 
example, in Figure 11, variables related to reverberation (T30, EDT) load strongly in the 722 
positive direction of dimension 1, whilst clarity, definition and speech intelligibility (C80, 723 
D50 and STI) load strongly in the negative direction. The resultant PCA indicates this 724 
loading as a correlation coefficient (ρ) between each of the metrics and each of the 725 
extracted dimensions. In detail, the highest significant correlations are found for metrics 726 
based on T30 (ρ≈0.98, p<0.01) and EDT (ρ≈0.98, p<0.01) in the positive direction, and 727 
STI (ρ≈-0.97, p<0.01), D50 (ρ≈-0.96, p<0.01) and C80 (ρ≈-0.94, p<0.01) in the negative 728 
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direction of dimension 1. Dimension 1 thus appears to describe aspects of energy decay, 729 
with large positive values corresponding to very reverberant responses whereas large 730 
negative values correspond to responses with very low reverberation.  731 
Dimension 2 has significant correlations with metrics reporting the low frequency 732 
response of the measurements – Lfdevsmooth (ρ≈0.72, p<0.01), LFRT60diffs (ρ≈0.68, 733 
p<0.01) and LFdevflat (ρ≈0.67, p<0.01). This dimension thus appears to describe the 734 
merit of low frequency response of the spaces, where high values along this dimension 735 
correspond to spaces with ‘acceptable’ low frequency response, whereas low values 736 
correspond to spaces that deviate from ‘optimal’ low frequency response (as defined for 737 
modern sound reproduction spaces) and might therefore exhibit audible modal behaviour 738 
or, as they are commonly known, resonances.  739 
For dimension 3, significant negative correlations are found for the two metrics 740 
used to detect echoes – EKSpeech  (ρ≈-0.68, p<0.01) and EKMusic (ρ≈-0.65, p<0.01). It 741 
thus appears this dimension is associated with evidence or otherwise of audible echoes. 742 
Larger values along this dimension indicate the presence of echoes in the acoustic 743 
response. Importantly, further analysis of the tabulated raw data obtained for each 744 
measurement shows that none of the values obtained for the echo metrics were found 745 
above the echo audibility threshold, demonstrating that audible echoes have not been 746 
found in this dataset. This is corroborated by the low value of variance explained (4.5%) 747 
by this third dimension. It is nonetheless interesting to observe that metrics for echo 748 
detection form a dimension that is distinct (orthogonal) from the first two principal 749 
dimensions.  750 
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 751 
FIG. 11. Dimensions 1 and 2 resulting from the Principal Component Analysis of the 23 752 
acoustic metrics. Metrics of energy decay (eg: T30, EDT) and intelligibility (eg: STI) 753 
load onto opposite ends of dimension 1, which explains 72% of the variance in the data. 754 
Metrics of merit of low frequency response (LFdevflat, LFRT60diffs, LFdevsmooth) load 755 
onto dimension 2, which explains 11% of variance in the data. 756 
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 757 
FIG. 12. Dimensions 1 and 3 resulting from the Principal Component Analysis of the 23 758 
acoustic metrics. Echo criteria metrics (EKSpeech, EKMusic) load more strongly onto 759 
dimension 3, which explains 4.5% of variance in the data. 760 
 761 
The dimensions identified will be the basis for the further analysis, and it is useful 762 
therefore to summarize their interpretations. Those are shown in Table III. 763 
Figure 13 shows the position of each data sample (acoustic measurement) along 764 
dimensions 1 and 2 and its categorisation according to whether a motif is present at the 765 
measurement point or not. The 95% confidence ellipses are also plotted for each category 766 
and provide an indication of significant differences between these. The presence or 767 
absence of motif is coded in a different shade (color online). The non-overlapping 768 
ellipses suggest there are statistically significant differences between the two categories 769 
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along each of the dimensions. It can be further observed that data points associated with 770 
motifs appear to be concentrated towards the central values, particularly along dimension 771 
1, whilst data points where no motif is present seem to occur over a larger range of this 772 
dimension. In other words, the density of points associated with motifs is larger where 773 
energy decay is moderate, neither too high nor too low. Motifs appear less likely to be 774 
present in those positions that are either very reverberant or very dry. This suggests a 775 
quadratic distribution for this dimension. Given this observation, a transformation of the 776 
dimension 1 variable into its square was also included in the statistical analysis below. 777 
This thus defines a fourth variable in the model, which explores the likelihood of extreme 778 
or central values along dimension 1. 779 
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 780 
FIG. 13. Individual samples (measurements) along dimensions 1 and 2. 95% confidence 781 
ellipses are also plotted for both motif and no-motif data sets. The non-overlapping 782 
ellipses show significant differences between the two categories (motif, none) along each 783 
of the dimensions. 784 
 785 
C. Dots and lines 786 
Dots and lines are currently believed to be the earliest motifs in these caves. The 787 
following statistical model explores whether their location is associated with the acoustic 788 
response. To investigate this, the data has been coded on a presence/absence basis (dots-789 
lines=64; none (control)=113). Note here that any positions coded as having motifs that 790 
are not dots or lines (such as animal images) have been grouped with the control 791 
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positions, since these motifs were probably added at a later date. The statistical model 792 
chosen to analyse the data is the logistic regression, which is represented as: 793 
 794 𝑙𝑜𝑔 !!!!!! = 𝛽! + 𝛽!𝑥!! + 𝛽!𝑥!! + 𝛽!𝑥!! + 𝛽!𝑥!!                            (1) 795 
 796 
where pi is the probability of finding a dot or line, xi1, xi2 and xi3 are independent variables 797 
associated with the three dimensions identified in the original data using PCA, and xi4 is a 798 
square transformation of dimension 1, representing an independent variable in the model 799 
which accounts for its apparent quadratic distribution. The dependent variable in this 800 
analysis is presence/absence of dots or lines at each measurement point, so the model 801 
calculates the probability of finding dots or lines at a specific location given the values of 802 
acoustic metrics at that location.  803 
A logistic regression was performed to ascertain the effect of each of the 804 
independent variables on the likelihood that a dot and/or line will be found at a particular 805 
position. The logistic regression model was statistically significant, χ2 (4) = 25.126, p < 806 
.0005. The model explained 18.1% (Nagelkerke R2) of the variance in presence/absence 807 
of a dot/line and correctly classified 71.2% of cases. It was found that the probability of 808 
finding a dot or line decreases with increasing values of dimension 1 (β1 =-.41, eβ1 809 
=.664, p<0.05). The eβ1 =.664 indicates the odds that a dot and/or line will be found if 810 
the measured value for dimension 1 increases by one unit (after controlling for the other 811 
factors in the model). The interpretation of odds here, reporting effect size, is consistent 812 
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with the typical interpretation of logistic regression results. I.e. given that logistic 813 
regression outputs the natural logarithm of the odds, the exponential of the coefficients 814 
represents the result of the odds ratio. Odds, are easier to interpret if they are presented as 815 
values above 1, indicating likelihood of an event. Decimal odds (below 1) can be inverted 816 
(i.e. 1/ eβ#) as long as their interpretation is adapted accordingly. Applying this principle 817 
to the result above (1/ eβ1 =1/0.664=1.5), we can infer that dots or lines are 1.5 times 818 
more likely to be found if the measured value in dimension 1 decreases by one unit. In 819 
other words, as reverberation decreases and clarity/definition/speech intelligibility 820 
increases, it becomes more probable that dot or line motifs will be found. Measurement 821 
positions near dots/lines have a T30 in the range of 0.6 seconds to about 1.7 seconds, 822 
whereas T30 at control positions may be as low as 0.3 seconds and as high as 2.53 823 
seconds. 824 
The statistical model further shows that an increase in dimension 2 makes it 825 
statistically less likely that a dot or line will be found (β2 =-.773, eβ2 =.462, p<0.05). 826 
Following the principle introduced in the previous paragraph, as the value of dimension 2 827 
decreases by one unit for a given acoustic measurement position, it is twice as likely (1/ e828 
β2
 =1/0.462=2.2) that dots and/or lines will be found there. This result suggests that dots 829 
or lines are more probable in places with resonant artefacts, since dimension 2 reports on 830 
the existence of resonances for low values.  831 
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The variables associated with dimension 3 (xi3) and the square of dimension 1(xi4) 832 
were not found to be significant in this model (p>0.05). There is thus no evidence that the 833 
positions of dots or lines are associated with the presence of audible echoes.  834 
In summary, these results show some evidence that it is statistically more 835 
probable to find dots and lines in places where reverberation is not high and where the 836 
response is more modal thus sustaining potentially audible resonances. 837 
 838 
D. Hand stencils 839 
Hand stencils belong to the early period of cave motifs, and from the evidence of U-series 840 
dating of calcite formations, may be as old as dots and lines (Pike et al., 2012). To 841 
investigate whether there is an association between the positions of hand stencils and 842 
acoustic response, the data has been recoded to examine the presence/absence of motifs 843 
included in this category. Measured positions without hand motifs were categorized as 844 
‘no motif’ (N=177; Hands=16, None=161).  845 
A logistic regression was performed to ascertain the impact of each of the 846 
acoustic dimensions on the likelihood that a hand stencil will be found at a particular 847 
position. The logistic regression model was statistically significant, (χ2(4) = 16.371, p < 848 
.0005). It explained 19.4% (Nagelkerke R2) of the variance in presence/absence of a hand 849 
stencil. Although the model correctly classified 91% of cases, this arises because it 850 
predicts that all instances have no motifs and fails to predict any of the instances where a 851 
motif is present. Since the latter (locations without hand stencils) are much more rare in 852 
this dataset, the model appears to have a high correlation with the data but this is merely a 853 
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mathematical artefact (see Table IV). Grouping the results for hand stencils with those of 854 
dots and lines together was explored, but provided no additional explanatory power, i.e. 855 
the model was identical to the one obtained for dots-lines save that its explained variance 856 
decreases slightly. We cannot therefore infer that the positioning of hand stencils has a 857 
statistically significant association with acoustic metrics. 858 
 859 
E. Chronology, type, and color of motifs 860 
The motifs in these caves have been divided chronologically into three periods: early, 861 
middle and late, as described in section III.B. In analysing the association between the 862 
chronological period of motifs and the acoustic response, the dependent variable is 863 
polytomous and has three levels. An ordinal logistic regression in which date is the 864 
dependent variable, with three levels, has therefore been performed. The independent 865 
variables were the same four acoustic variables as before (dimensions 1, 2 and 3 and 866 
dimension 1 squared). In this case, the result of the model fit χ2 test is not significant 867 
(p>0.05) and therefore an ordinal regression model of association between age of motif 868 
and acoustic response was not substantiated. 869 
The association between type of motif (Animal=27, Dot/Line=64, Hand=5, 870 
Symbol=2) and acoustic response was modelled using a multinomial logistic regression. 871 
The model fit again was not significant (χ2 (9)=10.8, p>0.05) and hence none of the 872 
factors in the model were found to be significant. An association between type of motif 873 
and acoustic response was not found. 874 
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A multinomial logistic regression analysis was run to check for an association 875 
between color of motif (black=27, red=52, violet=8) and the acoustic response measured 876 
at that position. Again, the model fit was not significant (χ2 (6)=10.9, p>0.05). An 877 
association was thus not found between color of motif and acoustic response. 878 
 879 
F. Presence or absence of motifs in general – position dependent 880 
In addition to exploring relationships between specific categories of motif and acoustic 881 
response, a final analysis was undertaken to investigate whether there is statistical 882 
evidence that the location of a motif (regardless of date or type) might be associated with 883 
particular acoustic responses. We have seen that dots and/or lines are more likely to be 884 
found in locations with low reverberation and resonant artefacts. Here we carry out a 885 
similar analysis but consider the presence/absence of any motif as our dependent 886 
variable. The independent variables are the same as in equation 1. 887 
A logistic regression produced a statistically significant model, χ2 (4) = 34.001, 888 
p < .0005. The model explained 23.4% (Nagelkerke R2) of the variance in 889 
presence/absence of a motif and correctly classified 68.4% of cases. Variables in this 890 
model can be seen in Table V. 891 
It was found that the probability of finding a motif decreases with increasing 892 
values of dimension 2 (β2 =-.54,eβ2 =.582,p<0.05). This result is similar to that noted 893 
earlier for dots and lines. In this case motifs are 1.7 times more likely to be found in 894 
places exhibiting a more modal response. The odds have decreased because now we are 895 
looking at any type of motif, rather than only dots or lines. This small drop in effect size 896 
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may, perhaps, suggest that the addition of any type of motif to the dots-lines category 897 
weakens the statistical association which exists mainly for dots-lines but is less strong for 898 
other, later motifs. 899 
It was further observed that an increase in xi4, the square of dimension 1, makes 900 
the presence of a motif less likely (β4 =-.766, eβ4 =0.465, p<0.05). That is an interesting 901 
result which suggests that motifs are twice (1/0.465=2.15) more likely to be found if the 902 
value of this dimension decreases by one unit, after controlling for other factors in the 903 
model. It means motifs are more common in places of moderate reverberation – neither 904 
very high or very low (because xi4 has large values at either extreme of dimension 1). 905 
This indicates that motifs are mainly found in positions where a balance between 906 
reverberation and clarity is present (avoiding high levels of reverberation, but where 907 
metric scores pertaining to intelligibility, clarity and definition also are not high). 908 
 909 
G. Presence or absence of motifs in general – cave section dependent 910 
So far, the presence/absence of a motif has been coded on whether that motif is found 911 
within a radius of one metre from the measurement microphone. This is more restrictive 912 
than Reznikoff’s coding which used a two-metre radius (2002, 43). Use of a one-metre 913 
radius presumes that any notable acoustic effects that might influence the location of a 914 
given motif would be perceived only in that precise position. This might not always be 915 
the case. Although low frequency resonance is often tightly localized, reverberation is 916 
associated with diffuse fields, meaning its effects are spread equally across a large space. 917 
Thus it might be argued that in some cases, presence or absence of motifs should be 918 
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assessed in relation to all measurement positions within the same section of acoustic 919 
space. Such analysis might reveal whether the acoustic response of sections of caves 920 
where motifs exist differs significantly from that in other sections where no motifs are 921 
found. 922 
The 177 original measurement points were thus recoded to Motif=136 and No 923 
Motif=41, where the coding for presence of motif was defined on the basis that the 924 
measurement was taken in a section of the cave which had at least one motif present. In 925 
such cases, measurement points might be several metres distant from motifs but within 926 
the same physically enclosed space, in other words, the same section of the cave. In this 927 
stage of the analysis, many measurement positions, even those not immediately adjacent 928 
to a motif, will be grouped as ‘motif present’. 929 
Figure 14 shows the distribution of the data along acoustic dimensions 1 and 2 930 
ordered according to this latter definition.  931 
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 932 
FIG. 14. Individual samples (measurements) along dimensions 1 and 2, with data 933 
grouped by sections within each cave. 95% confidence ellipses are also plotted for both 934 
motif and no-motif data sets. In contrast with data coded individually, there is substantial 935 
overlap between 95% confidence ellipses suggesting that significant differences between 936 
the two categories (motif, none), particularly along dimension 2, are no longer present. 937 
 938 
A logistic regression model was calculated using the same independent variables 939 
as in equation 1, but with the data points recoded in terms of their membership to a 940 
particular cave section rather than specific proximity to a motif. A statistically significant 941 
model was found, χ2 (4) = 26.888, p < .0005. The model explained 21.3% (Nagelkerke 942 
R2) of the variance in presence/absence of a motif and correctly classified 80.2% of cases. 943 
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The explanatory power of the model has decreased slightly from that presented in Section 944 
V.F. The model variables can be seen in Table VI. 945 
Interestingly, the only significant variable in this model is xi4, the square of 946 
dimension 1, and this is further supported by the increased overlap of ellipses observed in 947 
Figure 15. It was found that the probability of finding a motif decreases with increasing 948 
values of xi4 (β4 =-.585,eβ4 =.557,p<0.05). A motif is 1.8 (1/0.557=1.8) times more 949 
likely to be found for every unit decrease of dimension 1 squared. This result is similar to 950 
that already observed in section V.F, i.e. that motifs are more likely to be present in 951 
places with moderate values for reverberation. 952 
It should be noted that the variable associated with dimension 2, xi2, is no longer 953 
significant in this model, suggesting that under these new assumptions the 954 
presence/absence of motifs is no longer statistically associated with low frequency 955 
resonances. Acoustic theory indicates that modal effects in rooms are localized within a 956 
physically enclosed space (Kuttruff, 2009), but grouping all the measurements in a given 957 
section together has effectively averaged out those effects. In contrast, the metrics 958 
associated with xi4, which by theoretical definition assume a more homogeneous 959 
distribution across spaces, retain their significant explanatory power.  960 
 961 
H. Other variables in the model - proximity to the original entrance 962 
So far, the model that best explains the position of motifs from the acoustic metrics has a 963 
23.4% explanatory power, identifying low frequency resonances and reverberation or 964 
lack thereof as significant variables(Section V.F). 23.4% is a somewhat low level of 965 
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explanatory power, and it is important to consider other systematic factors that may have 966 
an association with the placement of a motif in a given location. One such factor, which 967 
has been included in the field measurements, is distance from the original cave entrance. 968 
We recorded data on the distance between the original entrance of each cave and each of 969 
the motifs, and included this data as an added variable in our ‘best fit’ model established 970 
in Section V.F. The new logistic regression model hence contains one additional variable, 971 
xi5, representing distance of motif from cave entrance: 972 
 973 𝑙𝑜𝑔 !!!!!! = 𝛽! + 𝛽!𝑥!! + 𝛽!𝑥!! + 𝛽!𝑥!! + 𝛽!𝑥!! + 𝛽!𝑥!!            (2) 974 
 975 
The resulting model was statistically significant, (χ2 (5) = 45.065, p < .0005). The model 976 
explained 30.1% (Nagelkerke R2) of the variance in presence/absence of motifs and 977 
correctly classified 72.3% of cases. Table VII shows the variables in the model. 978 
Significant variables are xi1 (β1 =-.635,eβ1 =.530,p<0.05), the dimension describing 979 
energy decay and intelligibility/clarity/definition; xi2 (β2 =-.505,eβ2 =.604,p<0.05), the 980 
dimension describing low frequency response; xi4 (β4 =-.768,eβ4 =.464,p<0.05), the 981 
square of dimension 1; and xi5 (β5 =-.006,eβ5 =.994,p<0.05), corresponding to distance, 982 
in metres, from the measurement position to the original cave entrance. 983 
The significant variables are once again inversely correlated to the presence of 984 
motifs. The added observation from this analysis is that one is less likely to find motifs in 985 
measurement positions deeper into the cave (β5 =-.006,eβ5 =.994,p<0.05). Controlling 986 
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for each of the other variables, we can interpret that motifs are: 1.9 times more likely to 987 
be found when dimension 1 decreases by one unit; 1.6 times more likely to be found 988 
when dimension 2 decreases by one unit; 2.1 times more likely to be found when the 989 
square of dimension 1 decreases by one unit; and 10 times more likely if the distance to 990 
the original entrance decreases by 10 metres. 991 
A curious result is that both dimension 1 and its squared transformation are now 992 
significant. That indicates that, in this model, dimension 1 contains both linear and 993 
quadratic dimensions. The conclusion from this result is that motifs are found where 994 
reverberation times are low, but not extremely low, suggesting a ‘bliss point’ in the data 995 
(Moskowitz,1981). 996 
The inclusion of the distance variable and the consequent increase in the 997 
explanatory power of this model suggest that factors other than acoustic response will be 998 
significant in explaining an organized positioning of the motifs. 999 
 1000 
VI. DISCUSSION OF RESULTS 1001 
A. Acoustic response 1002 
The general acoustic response measured within the five caves studied here reveals 1003 
reverberation and early decay times within a range from about 0.2 seconds to an average 1004 
of 1.5 seconds with a few sections, particularly large in volume, revealing values above 1005 
2.5 seconds. Despite the general belief that caves sustain very long reverberation times, 1006 
the spaces we measured did not show any particularly long values. An explanation for 1007 
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this might be associated with the various passageways and rough surfaces that are found 1008 
in most of the caves and sections we studied.  1009 
The ranges measured for acoustic metrics within these caves show spaces with 1010 
favourable conditions for speech and music (as defined according to modern criteria) 1011 
indicating that any acoustic activity would have been accompanied by acoustic effects 1012 
such as reverberation and levels of intelligibility that were neither limited nor excessive. 1013 
Reduction of variables from the 23 acoustic metrics extracted from the impulse 1014 
responses collected in these caves has revealed that acoustic data is distributed along 1015 
three major orthogonal dimensions: 1016 
• Dimension 1, explaining 72% of the variance, describes a measure of energy decay with 1017 
large positive values representing higher reverberation (T30, EDT) and large negative 1018 
values representing high values of clarity (C80), definition (D50) and speech 1019 
intelligibility (STI). 1020 
• Dimension 2, explaining 11% of the variance, describes a measure of low frequency 1021 
response merit with large positive values along this dimension corresponding to spaces 1022 
approaching optimal low frequency behavior (as defined for modern sound reproduction 1023 
in rooms) and negative values representing resonant behavior in the response. 1024 
• Dimension 3, explaining 4.5% of the variance in the data, describes evidence for 1025 
audible echoes. 1026 
 1027 
B. Association between acoustic response and motifs 1028 
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Statistical associations between the positioning of motifs and acoustic response 1029 
were found in several of our analyses. These include statistically significant associations 1030 
between the presence of dots and lines, the earlier type of motifs, and dimensions 1 and 2. 1031 
The analysis showed that lines and/or dots are more likely to be found at places with low 1032 
reverberation and high clarity/definition and speech intelligibility, and where there is 1033 
evidence for low frequency resonances. The effect size for this association was small at 1034 
(Nagelkerke) R2 = 0.181 and the odds ratios calculated, giving a sense of effect size, were 1035 
all in the small range (i.e. <3.5). 1036 
A statistically significant association was found between the presence of motifs in 1037 
general, regardless of type, color or period, and acoustic response. The significant 1038 
variables in these associations were again associated with dimensions 1 and 2, i.e. the 1039 
degree of reverberation, intelligibility, clarity and definition and the degree of low 1040 
frequency resonance in the response. In line with results for dots and lines, it was found 1041 
that any motif is more likely to be located at places where reverberation is low and 1042 
intelligibility, clarity and definition are high and where low frequency resonances might 1043 
be audible. Here again, the odds ratio calculated was found to be in the small range, 1044 
always below 2.5.  1045 
Perhaps more intriguingly, our best model suggests that motifs are more likely to 1046 
be found at places where indices of reverberation are moderate, rather than too high or 1047 
too low, suggesting an optimal region. The explanatory power of the best statistical 1048 
model fitted to this data is 30.1%, which is not very high, and might warn against 1049 
inferring very strong conclusions from these results. This statistical model contains 1050 
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variables accounting for the behaviour of the two main dimensions representing the 1051 
acoustic metrics as well as a variable representing the distance from the acoustic 1052 
measurement to the original entrance of the cave. 1053 
The results presented here both confirm and contradict some of the arguments 1054 
made in previous studies by Waller (1993a; 1993b) and Reznikoff and Dauvois (1988). 1055 
On the one hand, there seems to be weak evidence of statistical association supporting the 1056 
notion that motifs, and in particular lines and dots, are more likely to be found at places 1057 
with resonances. This was Reznikoff's most confident conclusion (2006: 79). On the 1058 
other hand, according to our analyses, motifs in general, regardless of type, color or 1059 
period, are less likely to be found at places with high reverberation. The effect size of this 1060 
result was in the small range, which means the evidence of association exists but only 1061 
weakly. Also, there is no evidence to suggest that echoes might have played a part, 1062 
although this result is strongly influenced by the fact that we have not found any 1063 
positions within these caves that sustained clearly audible echoes. 1064 
Employing a systematic and robust methodology, our study presents evidence that 1065 
there is some statistical association between the positions of motifs and the acoustic 1066 
response measured close to them, albeit at a weak statistical level. What has become clear 1067 
is that if an appreciation of sound played a part in determining the position of motifs in 1068 
these caves, it was only a part, since other aspects such as distance from the original cave 1069 
entrance appear to have a significant relative weight, raising the explained variance in the 1070 
model from 23% to 30%. Furthermore, the demonstration that distance from entrance 1071 
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makes a significant contribution to the statistical model, suggests that a complex 1072 
interaction of relationships is taking place.  1073 
No significant associations were found between chronology, or type or color of 1074 
motifs, and the distribution of acoustic responses.  1075 
There are a number of possible aspects that affect the analysis and may play some 1076 
part in explaining the weak statistical significance and effect sizes observed: there is a 1077 
difficult archaeological context, with a 15000 to 40000 year distance to some of the 1078 
material, the potential for not identifying positions with motifs due to deterioration, and 1079 
the difficulty of working underground, in restricted time, within sites of archaeological 1080 
significance, all producing significant challenges; the acoustic metrics used have been 1081 
designed as descriptors of acoustic response in the modern built environment and whilst 1082 
some have been shown to correlate to human response, they might not be the optimal 1083 
metrics that can describe the experience of our ancestors in the context of caves; and the 1084 
statistical models presented are sparse in terms of other architectural (contextual) factors 1085 
that might have affected placement of motifs, such as porosity of the rock face and its 1086 
accessibility.  1087 
 1088 
VI. CONCLUSIONS 1089 
Blesser and Salter (2009) observe that, "cave wall images are tangible, enduring 1090 
manifestations of (...) early humans", and that in contrast sound "has no enduring 1091 
manifestation, nor of course could it have for any pre-technical peoples", meaning that as 1092 
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a result, "available data are too sparse to draw strong conclusions". Our contribution 1093 
makes this data less sparse for the first time in a methodical and repeatable manner.  1094 
In our work, a statistical association has been established between acoustic 1095 
response and the positions of Palaeolithic visual motifs found in these caves. Our primary 1096 
conclusion is that there is statistical, although weak, evidence, for an association between 1097 
acoustic responses measured within these caves and the placement of motifs. We found a 1098 
statistical association between the position of motifs, particularly dots and lines, and 1099 
places with low frequency resonances and moderate reverberation.  1100 
Importantly, we must reiterate that the statistically significant association does not 1101 
necessarily indicate a causal relationship between motif placement and acoustic response. 1102 
In other words, our evidence does not suggest that the positioning of motifs can be 1103 
explained simply through relationships with acoustics, and we are not suggesting that 1104 
motif positioning was based solely on an appreciation of sound properties. Indeed, we 1105 
also found that motifs are statistically less likely to be found further into the caves, away 1106 
from its original entrance, and this result further illustrates the complex relationship 1107 
between early human behaviour and features of these caves. 1108 
Rather than such simple associations, we suggest the interaction evidenced is 1109 
subtle and complex, not one of basic causality, and that additional data are required for it 1110 
fully to be understood. This is the first systematic study of this type, and further study is 1111 
encourgaed. Future research should aim to increase the size and quality of the dataset, by 1112 
exploring more caves in Spain and France, particularly those visited by Reznikoff and 1113 
Dauvois, as well as other cave systems in the world where this type of material culture 1114 
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exists; collecting a better balance between target and control positions, particularly for 1115 
under-represented motifs such as hand stencils; investigating other aspects such as area 1116 
and material properties of stone surface or volume of cave sections, which are directly 1117 
related to acoustic response, but might also influence the decision to place a motif; and to 1118 
further investigate aspects of the acoustic low frequency response in proximity to dots.  1119 
Musical instruments that have been found by archaeologists in caves that feature 1120 
Palaeolithic motifs, have provided some suggestions that ritualised musical activity might 1121 
have been present in these spaces in prehistory in the same period when early human 1122 
visual motifs were being created (Conard et al., 2009; Buisson, 1990; García Benito et 1123 
al., 2016; Ibañez et al., 2015). Our analysis presents empirical evidence that may be used 1124 
to further investigate the suggestion of an appreciation of sound by early humans in caves 1125 
that feature Palaeolithic visual motifs. The methodological challenge was to move 1126 
beyond that general claim—that an appreciation of sound was relevant to cave rituals—1127 
and provide a methodology to evaluate the claim on a statistical basis. 1128 
The data collection and data analysis that we present here provide a new and 1129 
robust approach, linking the physical properties of caves to early human behavior in a 1130 
more rigorous and measurable way. 1131 
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TABLE I. Chronology of Cave Sections. Sections of the five caves have been assigned to 1306 
three phases based on the style and inferred age of the motifs that are present: ‘Early’ = 1307 
Aurignacian and Gravettian c.42,000-25,000 BP; ‘Middle’ = Solutrean c.25,000-20,000 1308 
BP; ‘Late’ = Magdalenian c.20,000-15,000 BP. For the locations of the cave sections see 1309 
plans in https://tinyurl.com/n37qdym.  1310 
Cave Section Early Middle Late 
El Castillo Panel de las Manos       
El Castillo Sala del Bisonte       
Las Chimeneas Main chamber       
Las Chimeneas Deer chamber       
La Garma Section 1       
La Garma Section 6       
La Garma Section 7       
La Garma Section 9       
La Pasiega Gallery A (outer)       
La Pasiega Gallery A       
Tito Bustillo El Conjunto de la Ballena       
Tito Bustillo El Carmarín de las Vulvas       
Tito Bustillo Galería Larga       
Tito Bustillo Galería de los Caballos       
Tito Bustillo El Conjunto de los Signos Grabados       
Tito Bustillo Side chamber TB1       
Tito Bustillo Side chamber TB2       
Tito Bustillo Galería de los Antropomorfos       
  1311 
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TABLE II. T30, in seconds, measured in a reverberant chamber for Bang and Olufsen 1312 
Beolit 12 and a standard dodecahedron sound source. 1313 
Frequency 100Hz 250Hz 500Hz 1000Hz 2000Hz 4000Hz Avg Error 
REF 4.50 4.20 4.65 4.27 3.58 2.18  
Beolit 12 4.51 4.00 4.60 4.20 3.40 2.21  
Error 0.01 0.20 0.05 0.07 0.18 0.03 0.09 
 1314 
TABLE III. Variance explained for each dimension extracted through a Principal 1315 
Component Analysis of the 23 acoustic metrics used in the study. An interpretation is 1316 
provided on the basis of the acoustic metrics which more strongly load onto each 1317 
dimension. 1318 
Dimension Variance 
explained 
Interpretation 
1 72 % 
A measure of energy decay. Large positive values 
along this dimension are represented by spaces with 
larger values of reverberation (T30, EDT). Large 
negative values are represented by spaces with high 
clarity (C80), definition (D50) and speech intelligibility 
(STI). 
2 11 % 
A measure of low frequency response merit. Large 
positive values along this dimension correspond to 
spaces approaching optimal low frequency behavior as 
defined for modern sound reproduction in rooms. As 
the value of this dimension decreases, the associated 
spaces deviate significantly from optimal low 
frequency response and may therefore exhibit audible 
modal behaviour. 
3 4.5 % 
A measure of presence or absence of echoes. Less 
negative values suggest the presence of echoes.  
  1319 
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TABLE IV. Classification table for logistic model predicting presence of hand motifs 1320 
according to acoustic response. It can be seen that the high percentage of identification 1321 
comes from the model predicting all instances as belonging to no presence of the hand 1322 
stencils. As places with no hand stencils are disproportionally more represented within 1323 
our dataset, the predictive power of the model is misleading and, as such, cannot be relied 1324 
upon. 1325 
 1326 
Hand 
stencils 
Observed Predicted 
(%) 
0 161 100 
1 16 0 
Total 177 91 
 1327 
 1328 
TABLE V. Logistic regression model for data where motif presence is coded at 1329 
individual positions. B is beta coefficient. S.E. is standard error, df is degrees of freedom, 1330 
Sig. is significance and Exp(B) is the odds ratio. 1331 
Variables in 
the Equation B S.E. Wald df Sig. Exp(B) 
Dimension 1 -.357 .190 3.537 1 .060 .700 
Dimension 2 -.540 .182 8.812 1 .003 .582 
Dimension 3 -.008 .170 .002 1 .965 .992 
Dimension 1 
squared -.766 .212 13.117 1 .000 .465 
Constant .884 .239 13.648 1 .000 2.421 
 1332 
 1333 
TABLE VI. Logistic regression model for data where motif presence is coded as a 1334 
function of cave section. B is beta coefficient. S.E. is standard error, df is degrees of 1335 
freedom, Sig. is significance and Exp(B) is the odds ratio. 1336 
 1337 
Variables in 
the Equation B S.E. Wald df Sig. Exp(B) 
Dimension 1  -.363 .191 3.611 1 .057 .696 
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Dimension 2 -.296 .194 2.320 1 .128 .744 
Dimension 3 -.136 .200 .464 1 .496 .873 
Dimension 1 
squared -.585 .186 9.898 1 .002 .557 
Constant 1.889 .282 45.023 1 .000 6.612 
 1338 
TABLE VII. Logistic regression model for data where motif presence is coded at 1339 
individual positions. The variable ‘distance to entrance’ has been included in the model. 1340 
B is beta coefficient. S.E. is standard error, df is degrees of freedom, Sig. is significance 1341 
and Exp(B) is the odds ratio. 1342 
Variables in 
the Equation B S.E. Wald df Sig. Exp(B) 
Dimension 1 -.635 .215 8.710 1 .003 .530 
Dimension 2 -.505 .198 6.479 1 .011 .604 
Dimension 3 .015 .180 .007 1 .935 1.015 
Dimension 1 
squared -.768 .212 13.115 1 .000 .464 
Dist. to 
entrance -.006 .002 10.372 1 .001 .994 
Constant 1.594 .339 22.076 1 .000 4.921 
 1343 
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FIGURE CAPTIONS 1345 
Figure 1. T30 for La Garma 1346 
Figure 2. T30 for El Castillo 1347 
Figure 3. T30 for Tito Bustillo 1348 
Figure 4. T30 for La Pasiega 1349 
Figure 5. T30 for Las Chimeneas 1350 
Figure 6. Average T30 within each cave section, grouped by cave. 1351 
Figure 7. Average EDT within each cave section, grouped by cave. 1352 
Figure 8. Average STI within each cave section, grouped by cave. 1353 
Figure 9. Average C80 within each cave section, grouped by cave. 1354 
Figure 10. Average D50 within each cave section, grouped by cave. 1355 
Figure 11. Principal Dimensions 1 and 2 1356 
Figure 12. Principal Dimensions 1 and 3 1357 
Figure 13. Individual samples along dimensions 1 and 2. 95% confidence ellipsoids are 1358 
also plotted for both motif and no-motif data sets. 1359 
 1360 
Figure 14. Individual samples along dimensions 1 and 2 with samples coded by area. 1361 
95% confidence ellipsoids are also plotted for both motif and no-motif data sets. 1362 
 1363 
